Purpose of Review Asthma is a chronic airway disease that affects more than 300 million people worldwide. Current treatment focuses on symptomatic relief by temporally dampening inflammation and relaxing the airway. Novel combative strategies against asthma and hopefully a cure are yet to be developed. The goal of this review is to summarize recent literature on neurotrophins (NTs) in experimental models and clinical settings of asthma research. Recent Findings We highlight studies of early phases of asthma that collectively reveal a profound impact of elevated NT levels following initial detrimental insults on long-term airway dysfunction. Summary We hope this review will foster insights into the complex interaction between NTs, nerves, immune cells, and airway structural cells during a critical time window of development and disease susceptibility. Future studies are required to better understand the role of NTs in asthma pathophysiology and to evaluate whether NTs and their receptors may serve as new drug targets.
Introduction
Asthma is a chronic inflammatory disease of the airway. The salient features of asthma include bronchial smooth muscle thickening, reversible airway hyperreactivity, aberrant matrix deposition, and mucus overproduction; all of which contribute to the blockade of airflow into the lung [1] . Asthma is strongly associated with detrimental exposures to allergen, respiratory virus, cigarette smoke, ozone, and pollutants in early life. A majority of asthmatics progress from wheezing in early childhood to chronic airway dysfunction [2] . Due to technical difficulties of studying the airway in young children, mechanisms that connect early life events to long-term abnormalities in the structure and function of the lung remain poorly understood. Further complexity of asthma is reflected by different inflammatory signatures among the patient population, which implies the heterogeneity of the underlying pathophysiology [1] . Collectively, these factors pose great challenges for clinical intervention of asthma. Current treatment strategies only aim to alleviate the symptoms rather than eradicating pathogenic changes and as such, have no beneficial effect on the progression of asthma. Notably, up to 55% of asthmatic patients still experience poorly controlled symptoms [3] [4] [5] . Additional setbacks arise from a considerable concern of the side effects in pediatric patients from long-term usage of the drugs for asthma [6] . Effective treatment of asthma is clearly an unmet medical need.
Neurotrophins (NTs) were initially discovered as essential trophic factors for the survival and axon outgrowth of neurons during the development of the central and peripheral nervous systems [7] . Since then, many studies have implicated nerves and NTs in the pathophysiology of asthma and other allergic diseases. The family of NTs consists of nerve growth factor (NGF), brain-derived neurotrophic factor (BNDF), neurotrophin 3 (NT3), and neurotrophin 4 (NT4). All four NTs are expressed as precursors that undergo N-terminal cleavage of pro-domains to generate the mature proteins. The pro-domain of NTs affects protein folding and the This article is part of the Topical Collection on Basic and Applied Science interaction with the receptor. NTs bind to their respective high-affinity tropomyosin receptor kinase (Trk) receptors with relatively high fidelity: TrkA for NGF, TrkB for BDNF and NT4, and TrkC for NT3 [8] (Fig. 1) . In addition, all four NTs bind to a low-affinity p75 neurotrophin receptor (p75NTR) [9, 10] . Notably, Trks are tyrosine kinase receptors that trigger the activation of the Ras/MAPK and PI3K/Akt signaling pathways upon NT binding. Trks play essential roles in the survival, proliferation, and differentiation of the nervous system. In contrast, p75NTR belongs to a family of transmembrane molecules that include receptors for the tumor necrosis factor family. NT signaling through p75NTR induces cell apoptosis through the intracellular JNK pathway [8] . The biological roles of p75NTR remain elusive. As p75NTR can interact with the Trk receptors and modulate the high-affinity binding of NTs to the Trk receptors, the function of p75NTR may be context-dependent.
Elevated levels of NTs have been found to be associated with asthma. Airway epithelium, smooth muscle cells, and immune cells are the likely source of elevated levels of NTs. Notably, in addition to Trk-expressing nerves, non-neuronal cell types in the lung have also been reported to express the Trk receptors. For example, TrkA was found in macrophages, basophils, mast cells, eosinophils, and memory B cells [11] . TrkB has also been reported in primary human airway smooth muscle cells in culture [12] . Therefore, NTs may contribute to asthma pathophysiology through two modes of action. The direct mode is mediated by NT signaling in Trk-expressing cells (Fig. 2) . Alternatively, NTs indirectly modulate allergic inflammation and airway dysfunction through the role of NTs in airway innervation and nerve-derived neurotransmitters, such as acetylcholine. Related to the indirect role, the lung is innervated by a combination of sensory, sympathetic, and parasympathetic nerves that regulate coughing, breathing, airway smooth muscle tone, and mucus overproduction [13] . Most nerves that innervate the airway originate from neurons whose cell bodies are located outside the lung. NTs expressed by airway smooth muscle (ASM) and pulmonary neuroendocrine cells (PNECs) serve as essential target-derived trophic factors to orchestrate the process of innervation. In experimental models and clinical studies, increased NT expression and the genetic polymorphism of NTs may deregulate the two modes of action and contribute to the susceptibility and severity of asthma. Details regarding the source of NTs and the cell types that express the Trk receptors are provided by respective sections in the body of this review.
This review will summarize recent findings of NTs in asthma with a special emphasis on the role of NTs in airway development and early phases of the disease in children. We apologize for omitting many original papers on this topic due to word limits. For readers who are interested in NTs in a broad spectrum of allergic diseases, we recommend a very recent review by S. Manti et al. that provides an extensive summary of neuroimmune interactions [14] .
Nerve Growth Factor (NGF) and Its Receptor TrkA
NGF was identified as a trophic factor necessary for survival and differentiation of developing sympathetic and sensory neurons [15] . However, whether NGF is required for airway innervation is unknown. Due to early postnatal lethality of mice deficient in NGF and its high-affinity receptor TrkA, functional studies of NGF and TrkA in allergic inflammation resort to in vitro culture models, a transgenic model that overexpresses NGF in the airway epithelium, and loss-of-function approaches, using neutralizing antibodies and siRNA against NGF in vivo.
TrkA and NGF are expressed in many cell types, thus potentiating their roles in regulating many aspects of asthma (Fig. 2) . Multiple reports have shown TrkA expression in B cells, activated T cells, macrophages, and granulocytes [11] . In addition, NGF expression was found in airway epithelium, B cells, T cells, eosinophils, and mast cells [16] [17] [18] [19] [20] [21] . NGF treatment of eosinophils in culture triggered the activation of the TrkA receptor and promoted IL-4 secretion [20, 22] . NGF also promoted chemotaxis, mast cell degranulation, and enhanced NTs bind to respective highaffinity Trk receptors with relative specificity that triggers the activation of the PI3K/Akt and Ras/MAPK pathways and in turn, induces cell survival, proliferation, and differentiation. All four NTs also bind to a lowaffinity p75NTR to induce apoptosis through the JNK pathway neutrophil and macrophage phagocytosis [23, 24] . Furthermore, NGF promoted cell survival of multiple immune cells, such as eosinophils, mast cells, neutrophils, B cells, and monocytes, likely by inhibiting apoptosis through the regulation of anti-apoptotic proteins Bcl-2 and Bcl-xl [25, 26] . Interestingly, Hu and colleagues reported an age-dependent decline of NGF, P75NTR, and TrkA expression [27] . In their study, RSV infection upregulated the level of NGF to a greater extent in weanlings compared to adult rats.
Previous studies in rodent models provide evidence for the interaction between NGF and allergic inflammation. For example, exposure to sidestream tobacco smoke in early life caused an increase in NGF expression in concurrence with high levels of NGF in BALF [28] . Notably, this phenotype was only apparent in mice that were exposed to tobacco smoke as pups, while the same exposure had no effect on NGF levels in weanlings. Infection by respiratory syncytial virus (RSV) or allergen exposure also doubled the levels of NGF in lungs of rodent models [27] . In addition, NGF overexpression in airway epithelium driven by the CC10 promoter caused airway hyperinnervation by sensory nerves, increased bronchoconstriction to capsaicin stimulation, and worsened allergic inflammation following allergen exposure [29, 30] . In contrast, mice treated with a neutralizing NGF antibody during allergen exposure showed a reduction in the number of eosinophils, levels of type 2 cytokines, and airway bronchoconstriction [29] . Consistently, in vivo inhibition of NGF via siRNA administration diminished bronchoconstriction, airway innervation density, and immune cell infiltration following allergen exposure [31••] . The effect of NGF in these rodent models of asthma was at least in part mediated by neurotransmitters, such as serotonin and substance P [29, 30, [32] [33] [34] .
Clinical studies have reported that increased levels of NGF are associated with asthma. Asthmatic patients have significantly elevated NGF levels in the serum compared to non-allergic controls [35] . In addition, children infected with RSV have elevated levels of NGF in cell fractions of the BALF compared to uninfected children [36] . More recently, genome wide association studies (GWAS) identified that NGF serum levels were affected by an epistatic interaction between variants of NGF rs6330 and TrkA rs6334 in asthmatics [37] . However, whether NGF levels have any impact on the age of onset, severity, and treatment outcomes of asthmatic patients remains to be investigated.
Brain Derived Neurotrophic Factor (BDNF) and the TrkB Receptor
BDNF is required for airway innervation during embryogenesis [38] . In mouse embryonic lung, BDNF is expressed by ASM progenitors as early as E12.5 and serves as a targetderived trophic factor for the innervating nerves that express TrkB. Mice deficient in BDNF had significant defects in branching axons and 50% reduction in ASM innervation density compared to WT controls [39] . BDNF expression has also been described in airway epithelium and immune cells, such as T cells, macrophages, and mast cells, while TrkB expression has been detected on CD45+ lymphocytes, mast cells, alveolar type II cells, and eosinophils [11, 40••, 41] . Notably, while others showed TrkB receptor in cultured human ASM cells [12] , TrkB lineage tracing in mice found no evidence of TrkB expression in ASM cells. The discrepancy may be caused by differences between species or by culture conditions [40••] . In the mouse model of allergic inflammation, BDNF levels were elevated in BALF and in activated macrophages [11] . Unfortunately, BDNF −/− and TrkB −/− mice fail to thrive postnatally with severe defects in central and peripheral nervous systems. The early mortality of these mutant mice limits functional studies in vivo aiming to understand the role of BDNF and TrkB in allergic inflammation in the airway. The BDNF gene has 9 different promoters and can produce 17 known splice variants and 3 protein isoforms: pre-BDNF, pro-BDNF, and mature BDNF [42, 43] . While mature BDNF can support cell survival through TrkB signaling, the physiological function of pro-BDNF remains to be identified [44, 45] . In addition to the complexity of BDNF transcripts and post-transcriptional modifications, in vitro studies have uncovered additional regulatory mechanisms of BDNF expression and function in ASM. ASM cells in culture express a variety of TRPC channels, which modulate calcium levels in response to airway inflammation. TNFα treatment in primary ASM cells enhanced BDNF release in a TRPC3-dependent mechanism [46] . In human ASM, BDNF secretion could be triggered through a hypoxic-cAMP-dependent mechanism [47] . Furthermore, treatment of human airway epithelial cells with IL-13 increased BDNF Vlb splice variant [48•] . These findings suggest that type 2 cytokines may regulate BDNF levels in asthma.
Patients with moderate and severe asthma had higher serum levels of BDNF compared to mild asthmatic children [37, 49] . In asthmatic adults provoked with allergen, BDNF levels were elevated significantly in the BALF [49] . In addition, Watanabe et al. correlated asthma severity to elevated BDNF levels, where severe asthmatics had higher levels of mature BDNF isoforms compared to healthy controls [48•] . Furthermore, a previous study identified that the Val66Met polymorphism in the BDNF gene was protective against asthma in children [50••] . The Val66Met BDNF variant causes reduced secretion of BDNF from neurons [51] . In contrast, another BDNF SNP (rs7124442) was found to be associated with disease severity in children measured by increased exhaled nitric oxide, a clinical marker of asthma [52] .
Neurotrophin 3 (NT3) and the TrkC Receptor
There are few studies of NT3 in the lung. Mice deficient in NT3 have a 50% reduction in sympathetic innervation [53, 54] . However, whether NT3 plays a role in sympathetic innervation of the lung is unknown. In a mouse model of allergic asthma, NT3 treatment caused a switch of non-cholinergic innervation to cholinergic innervation [55] . Clinical reports show that NT3 levels were higher in BALF and serum from asthmatic patients compared to nonasthmatics [56] .
Neurotrophin 4 (NT4) and the TrkB Receptor
NT4 binds to the same high-affinity TrkB receptor as BDNF. NT4 levels in mouse lungs peaked at postnatal day 14. In contrast, the BDNF levels were higher in the fetal lung than postnatal lungs [57••] . In addition, compared to BDNF −/− and TrkB −/− mice that die early postnatally, NT4 −/− mice mature into adulthood, breed normally, and exhibit no obvious behavior defects. These findings indicate that BDNF and NT4 play distinct roles that may be explained at least in part by the difference in temporal expression. NT4 was expressed by NT4 from mast cells has no effect on NT4-dependent innervation during normal postnatal development. However, early life allergen exposure increases the number of mast cells, triggers mast cell degranulation to release NT4, which thereby elevates the levels of NT4 to increase airway innervation [58••] (Fig. 3) . Airway hyperinnervation following allergen exposure in mice was associated with persistent airway hyperreactivity and mucus overproduction into adulthood without additional allergen challenges. In contrast, allergen exposure in adult mice had no effect on NT levels and elicited shortterm airway dysfunction. These findings emphasize early life as a critical time window for the susceptibility to asthma. Notably, NT4
−/− mice were protected from early life allergen-induced airway hyperinnervation, hypercontractility, and mucus overproduction, while having no change in airway inflammation [57••, 59] . Lineage tracing of TrkB in mice showed highly selective TrkB expression in nerves (Fig. 3) . Therefore, elevated NT4 levels following early life allergen exposure likely through an indirect mode of action by causing airway dysfunction through aberrant neural innervation [58••] . Functional rescue assays in NT4 −/− mice identified that the hypercontractile phenotype of ASM is caused by cholinergic hyperinnervation, while deregulated neural control of GABA secretion from PNECs is involved in mucus overproduction following early life allergen exposure [40••, 59] . Consistent with the findings in the rodent model of early life allergen exposure, children with asthma have elevated serum levels of NT4 [56] .
P75NTR
There is a paucity of literature on the low-affinity NT receptor p75NTR. In the lung, p75NTR was expressed in large bundles of nerve fibers along the airway [60] . These nerve fibers are detected as early as embryonic day 11 and extend into the trachea and lung [61] . P75NTR expression has also been detected on human basophils and B cells [25, 62] . Characterization of p75NTR knockout mice has identified a reduction in sensory innervation but no change in sympathetic innervation in the lung [60] . Mice deficient in p75NTR were protected against capsaicin-induced AHR and ozone-induced neutrophilia, which might be attributed to reduced substance P levels from sensory nerves, compared to controls [60, 63] . Given that p75NTR can form heterodimers with Trk receptors, p75NTR may regulate inflammation via direct binding to NTs or indirectly by affecting Trk signaling [10, 64] .
Conclusion
NTs contribute to asthma pathophysiology through direct and indirect interactions with immune cells, ASM cells, airway epithelium, and nerves (Fig. 2) . While NTs and the Trk receptor have been shown to be expressed by a variety of immune cells, the expression and precise roles in airway physiology and diseases warrant further investigation. The lung continues to grow after birth and during postnatal development; structural cells in the lung, nervous system, and the immune system undergo dramatic changes in configuration and functional maturation. Compared to adult, mature lungs, exposure to a variety of environmental insults preferentially affects NT levels and airway innervation in early life in rodent models. These observations indicate that NT-mediated mechanisms may be particularly relevant to the early phase of asthma in children.
In a nonhuman primate model of asthma, exposure to ozone and house dust mite allergen in infancy causes hyperinnervation of airway epithelium [65] . Therefore, it is possible that elevated NT levels following detrimental exposures in the childhood may disrupt airway innervation and the communication with immune cells and airway epithelium, which in turn causes prolonged airway dysfunction and increased disease susceptibility.
To fully understand the role of NTs in normal and diseased lungs during the critical time window of airway development, genetic tools that enable temporally and tissue-specific inhibition of NT signaling in rodent models of asthma need to be developed. A transgenic mouse line in which the Trk signaling activity can be reversibly blocked by a small molecule, 1NMPP1, may be employed for asthma-related studies [66] . In addition, whether genetic polymorphisms and transcriptional and post-transcriptional regulation of NTs affect the function of NTs in airway development and asthma warrants future investigation. To bring mechanistic findings of NTs from animal models to the bedside, translational research of childhood asthma is crucial to establish disease relevance. Lastly, fundamental knowledge regarding the complex neural network in human lungs requires joint efforts from basic researchers and clinicians. We expect that these studies will provide insights into the role of NTs in the pathogenesis of asthma and lead to the discovery of novel treatment strategies and ultimately, a cure.
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